Purpose: Rotavirus infection has recently been reported to be associated with seizures accompanied by leukoencephalopathy in newborns. We aimed to determine long-term outcomes and prognostic factors in newborns with neonatal seizures caused by rotavirus-associated leukoencephalopathy. Methods: We retrospectively reviewed the records and brain magnetic resonance (MR) images of 32 patients who fulfilled the following criteria: (1) neonatal seizures, (2) distinctive symmetric cerebral white matter lesions on diffusion-weighted MR images (DWI), (3) rotavirus infection, (4) absence of a specific etiology of seizures, except for the aforementioned DWI lesions, and (5) Korean Bayley Scales of Infant Development II (K-BSID-II) assessment after 12 months of age. Results: The mean age at seizure onset was 4.7 AE 0.8 days. The median age of the patients at the time of K-BSID-II assessment was 22 months. Fourteen patients (43.8%) showed normal or accelerated performance in the mental and motor scales, while 18 patients (56.2%) had delayed performance in the mental and/or motor scales. Seven patients (21.9%) had significantly delayed performances on the mental and/or motor scales. The percentage of volume of diffusion-restricted lesions based on total brain volume was significantly negatively correlated with the mental developmental index (MDI) score (r = À0.507, p = .003), but not with the psychomotor developmental index (PDI) score (r = À0.324, p = .071). Conclusions: Rotavirus-associated leukoencephalopathy in newborns around 5 days of age can cause adverse neurodevelopmental outcomes with a wide range of severity. The extent of white matter lesion on initial DWI can predict neurocognitive outcome.
Introduction
Rotavirus is a well-known pathogen that causes gastroenteritis in infants and children. However, it can also cause a variety of central nervous system complications, such as convulsions with mild gastroenteritis [1] [2] [3] , aseptic meningitis [4] , encephalopathy with reversible splenial lesions [5] [6] [7] , encephalitis [8, 9] , and cerebellitis [10] . Rotavirus infection has recently been reported to be associated with or to cause leukoencephalopathy in newborns presenting with neonatal seizures and distinctive pattern of restricted diffusion in symmetric cerebral white matter on magnetic resonance imaging (MRI) [11] [12] [13] [14] . Newborns with rotavirus-associated leukoencephalopathy typically present with repetitive or clustered focal or multifocal clonic seizures at around 5 days of age accompanied by diffuse bilateral white matter and corpus callosum lesions on diffusion-weighted magnetic resonance imaging (DWI). The seizures usually occur after full-term births in patients without a history of perinatal asphyxia. This characteristic leukoencephalopathy in newborns does not seem to be exclusively associated with rotavirus infection. Human parechovirus-and enterovirus-infected infants also have similar MRI findings and clinical seizures [15] [16] [17] [18] .
Some of these newborns with rotavirus-associated leukoencephalopathy have serious cystic changes in cerebral white matter and decreased cerebral white matter volume in follow-up brain MRI [11] [12] [13] [14] . However, until recently, there has been no research on the long-term prognoses of these infants using standard tests, although few small case series have described short-term outcomes [11, 14] . We investigated neurodevelopmental outcomes in newborns with neonatal seizures caused by rotavirus-associated leukoencephalopathy using a standardized test. We also aimed to identify prognostic factors affecting outcomes of these patients.
Methods

Patients
One-hundred and eight newborns were admitted to the neonatal intensive care unit at Ulsan University Hospital, which is a tertiary hospital located in Ulsan, Korea, between 2008 and 2014 with the chief complaint of seizures. All 108 patients underwent brain MRI, including DWI. One-hundred and seven patients underwent a stool rotavirus antigen test during their admission. Based on a retrospective review of electronic medical records, out of the 108 newborns, we first chose 56 patients who had rotavirus-associated leukoencephalopathy. Rotavirus-associated leukoencephalopathy was defined as follows: (1) seizures; (2) diffusion-restricted lesions in the diffuse symmetric cerebral white matter on DWI and no demonstrable cerebral cortical lesions or hemorrhages in the brain parenchyma or CSF spaces on MRI performed during the admission; (3) rotavirus infection; and (4) absence of a specific etiology of neonatal seizures, except for the aforementioned DWI lesions. The seizures in our study were defined as distinct phenomena witnessed and regarded as seizures by physicians or nurses and accompanied by definite abnormalities detected by using conventional electroencephalography, with frequent epileptiform discharges and discontinuous background patterns, and managed with anti-convulsive medications such as phenobarbital or phenytoin. We contacted each of the 56 patients' parents by telephone and mail to evaluate their long-term neurodevelopmental outcomes when they were older than 12 months. Thirty-three of the 56 patients visited our hospital and underwent the Korean Bayley Scales of Infant Development-II (K-BSID-II). One patient who was later diagnosed with Jacobsen syndrome was excluded. Thirty-two patients were included in the study. Of the 32 patients included in this study, 26 patients were included in two previous studies by our group [11, 13] . Informed consent was obtained from all patients' parents. This study was approved by the institutional review board of Ulsan University Hospital.
MRI
MRI was performed on either a 3.0-T system (Intera Achieva; Philips, Best, Netherlands) or a 1.5-T system (Achieva; Philips). The protocol included T1-weighted imaging, T2-weighted imaging, fluid-attenuated inversion recovery imaging, and diffusionweighted imaging with preparation of apparent diffusion coefficient maps. Initial MRI was performed within 3 days of seizure onset in all patients. Follow-up MRI was performed in 28 of the 32 patients (87.5%). Seventeen patients underwent MRI 3 months after seizure onset, 6 patients had MRI 4 months after onset, 3 patients underwent MRI 6 months after onset, 1 patient had MRI 2 months after onset, and 1 patient underwent 1 month after onset. Brain MR images from the patients were re-evaluated by two radiologists (one neuroradiologist with 16 
Neurodevelopmental assessment using K-BSID-II
K-BSID-II consists of three subtests: the mental, psychomotor, and behavior rating scales [19, 20] . We used the mental and psychomotor scales for this study. Raw scores on the mental and psychomotor scales were converted to a mental developmental index (MDI) and a psychomotor developmental index (PDI) score, which have normal distributions with means of 100 and standard deviations of 15. The K-BSID-II was administered by two trained testers over 45-60 min. The MDI and PDI scores were qualitatively classified using the following ranges: accelerated performance (115 and above), within normal limit (85-114), mild delayed performance (70-84), and significantly delayed performance (69 and below).
Prognostic factors
To analyze the associations between MR image findings and neurodevelopmental outcomes, the following measures on the initial DWI were investigated: (1) percentage of Vol D/T and (2) presence or absence of the involvement of thalamus, internal capsule, external capsule, brain stem, and caudate nucleus. Followup MR images were also evaluated for severity of atrophic changes in cerebral white matter and presence of cystic changes in cerebral white matter. Severity of atrophic change was classified as minimal, mild, moderate, or severe. To evaluate associations between clinical seizures and neurodevelopmental outcomes in our patients, we investigated the following factors: frequency of seizures, interval from first to last seizure, and presence of bradycardia (heart rate <100 beats per minute) during seizures.
Viral study
Immunochromatographic assays (Bioland Co., Ltd., Cheongwon-Gun, Korea in 2008-2010, and Asan Pharmaceutical, Seoul, Korea in 2011-2014) were performed to detect rotavirus antigen using stool samples in all 32 patients. Stool samples from 24 patients were subjected to reverse transcription polymerase chain reaction (RT-PCR) for the detection of enterovirus. CSF samples from 19 and 18 patients were subjected to PCR and RT-PCR to detect herpes simplex virus 1 and 2, and enterovirus, respectively. CSF samples collected from 11 patients were tested for rotavirus and human parechovirus using RT-PCR. All 32 patients underwent routine CSF analysis.
Statistical analysis
IBM SPSS Statistics 21 (IBM Corporation, Armonk, NY, USA) was used for the statistical analyses. Pearson correlation tests were used to analyze the relationships between MDI and PDI scores and the percentage of Vol D/T . Kruskal-Wallis and Mann-Whitney U tests were used to compare differences in MDI and PDI scores according to variables other than the percentage of Vol D/T . Scheffe's test was used for post-hoc comparisons when significant differences were detected. P values less than 0.05 were considered significant.
Results
Patient demographics
Twenty-one patients (65.6%) were male and 11 patients (34.4%) were female. Twenty-nine newborns (90.6%) were full-term and 3 (9.4%) were preterm infants who were born at 34 weeks and 6 days, 36 weeks and 2 days, and 36 weeks and 6 days. The mean birth weight was 3.1 AE 0.4 kg. All patients had a 1-min Apgar score greater than 7 and a 5-min Apgar score greater than 9. The mean age at seizure onset was 4.7 AE 0.8 days (range, 3-7 days). All 32 patients were referred from local obstetric and gynecological hospitals. All patients were healthy until the seizures occurred. Eight patients (25.0%) had diarrhea during admission. Fever and skin rash were not observed in any of the patients.
Clinical features related to seizures
The seizures were repetitive in all patients. Fourteen patients (43.8%) had fewer than 4 seizures, another 14 patients (43.8%) had between 5 and 8 seizures, and 4 patients (12.4%) had between 9 and 12 seizures. The average interval from first to last seizure was 12.7 h (range, 30 min-48 h). Twelve patients (37.5%) had an interval less than 6 h, 6 patients (18.8%) had an interval between 6 and 11 h, 9 patients (28.1%) had an interval between 12 and 23 h, and 5 patients (15.6%) had an interval between 24 and 48 h. Two patients (6.2%) required endotracheal intubation and mechanical ventilation due to severe apneic episodes. Five patients (15.6%) had bradycardia. Twenty-six patients (81.2%) were treated with phenobarbital and 6 patients (18.8%) were treated with phenobarbital and phenytoin. No patients had epilepsy but 1 patient (3.1%) had apparent spastic diplegia at the time of K-BSID-II assessment.
MRI findings
Although the extent of the affected area was different in each patient, all 32 patients had diffusion-restricted lesions in the bilateral cerebral white matter and the corpus callosum on initial DWI (Fig. 1) ). The mean percentage of volume of diffusion-restricted lesions based on total brain volume was 8.53 AE 4.59% (range, 0.66-22.41%). Twenty-six patients (81.2%) had thalamic lesions, 27 patients (85.7%) had internal capsule lesions, 24 (75.0%) had external capsule lesions, 9 patients (28.1%) had brain stem involvement, and 4 (12.5%) had caudate nucleus involvement. Diffusion-restricted lesions of the cerebral cortex were not observed in any patient. The mean time to obtain follow-up MRI in the 28 patients who underwent follow-up MRI was 3.4 AE 1.1 months after seizure onset. Based on the severity of the atrophic changes in cerebral white matter, minimal atrophy was observed in 5 patients (17.9%), mild atrophy was observed in 9 patients (32.1%), moderate atrophy was seen in 10 patients (35.7%), and severe atrophy was observed in 4 patients (14.3%) (Fig. 1) . Cystic changes in cerebral white matter were seen in 3 patients (10.7%). Two patients (7.1%) were full-term and 1 patient (3.6%) was a preterm infant born at 34 weeks and 6 days. Follow-up MRIs for these 3 patients were performed 1 month (preterm infant), 3 months, and 4 months after seizure onset. While one preterm patient had a large leukomalacia in the bilateral anterior and posterior regions of the periventricular white matter, the remaining two full-term patients had small cysts in the left anterior region of the periventricular white matter. Patients with severe atrophy had higher percentages of Vol D/T (14.34 AE 5.48%) than patients with minimal or mild atrophy (3.61 AE 2.52% and 7.06 AE 2.94%, respectively, p < .05) (Fig. 2) . Patients with moderate atrophy also had higher percentage of Vol D/T (10.82 AE 3.29%) than those with minimal atrophy (p < .05).
Viral study results
Stool samples from all patients were positive for rotavirus antigen. No stool samples were positive for enterovirus as determined by RT-PCR. Rotavirus, enterovirus, herpes simplex virus 1 and 2, and human parechovirus were not detected in any CSF samples. No patient had CSF pleocytosis (range, 0-5 cells/ mm 3 ).
K-BSID-II assessment
The age of the patients at the time of K-BSID-II assessment was 24.2 AE 8.1 months (range, 13-40 months of age). The mean Fifteen patients (46.9%) had MDI scores within the normal limit, 10 patients (31.2%) had mild delayed performance, 5 patients (15.6%) had significantly delayed performance, and 2 patients (6.3%) had accelerated performance. Seventeen patients (53.1%) had PDI scores within the normal limit; 9 patients (28.1%) had mild delayed performance, 5 patients (15.7%) had significantly delayed performance, and 1 patient (3.1%) had accelerated performance. Thirteen patients (40.6%) had normal performances in both the MDI and PDI scores. One patient (3.1%) had accelerated performance in both the MDI and PDI scores. In contrast, thirteen patients (40.6%) had mild or significantly delayed performances in both the MDI and PDI scores. Seven patients (21.9%) had significantly delayed performances on the mental and/or motor scales. Three patients (9.4%) had significantly delayed performances in both the MDI and PDI scores.
Prognostic factors affecting K-BSID-II scores
The percentage of Vol D/T determined in the initial MRI was significantly negatively correlated with MDI score (r = À0.507, p = .003), but not with PDI score (r = À0.324, p = .071) (Fig. 3) . The presence or absence of the involvement of the thalamus, internal capsule, external capsule, brain stem, and caudate nucleus was not associated with the MDI or PDI scores of the patients (Table 1) . Patients with more severe atrophy of cerebral white matter observed in the follow-up MR images had a non-significant trend for decreased MDI and PDI scores (Table 1) . Three patients with cystic changes in cerebral white matter in the follow-up MRI had no significant differences in the MDI and PDI scores compared to the other 25 patients. The total number of clinical seizures, the interval from first to last seizure, and presence of bradycardia during seizures were not associated with the MDI and PDI scores ( Table 2 ).
Discussion
Here we show that a considerable number of newborns with rotavirus-associated leukoencephalopathy have neurodevelopmental delay after 12 months of age (at a mean of 24.2 months of age). The extent of white matter involvement on initial DWI was significantly negatively correlated with MDI score. Although more severe atrophy on follow-up MRI tended to be associated with decreased MDI and PDI scores, this trend was not statistically significant. The severity of white matter atrophy on the follow-up MRI (at a mean of 3.4 months after seizure onset) was positively correlated with the extent of white matter lesions in the initial DWI.
It is not surprising that many of these infants had neurodevelopmental delays, as they not only had diffuse bilateral white matter lesions on initial DWI, but also had white matter atrophy on follow-up MRI, although the ranges for each of these factors were different. Cerebral white matter injury has previously been reported to be associated with a decline in neurocognitive function in the context of diverse neurological diseases, such as prematurity, traumatic brain injury, stroke, and brain tumor [21] [22] [23] [24] [25] . Two small case series have previously described the outcomes of infants who had experienced rotavirus-associated leukoencephalopathy [11, 14] . Verboon-Maciolek et al. documented 5 preterm and 3 full-term infants who presented with seizures and rotavirus infection [14] . Six patients developed cystic periventricular leukomalacia. While 4 preterm infants had neurodevelopmental delays, four (near) term infants had normal early outcomes (at 8-12 months). Another study by our group evaluated outcomes of 13 full-term newborns with rotavirus-associated leukoencephalopathy using a telephone interview survey. We found that 6 patients had normal development at 6-18 months and four had developmental delay at 8-30 months, while the developmental status of the remaining three patients was unknown [11] . The above two studies indicated that rotavirus infection in newborns is not only associated with leukoencephalopathy, but can also cause adverse neurodevelopmental outcomes. This should draw the attention and concern of clinicians, in particular, neonatologists, pediatricians, and neurologists. However, those studies had several limitations. First, the methods used to evaluate outcomes were not standardized tests. Second, 8 of 21 patients (38.1%) in the two studies were evaluated for short-term outcomes at between 3 and 12 months of age. Third, the numbers of patients (eight and thirteen) were too small to represent the outcomes of infants with the same clinical and MRI characteristics. Lastly, the authors did not present any prognostic factors.
All 32 patients in this study were referred from 5 local obstetric and gynecological hospitals located around our hospital. Twentyfive of the 32 patients (78.1%) were referred from 2 major local obstetric and gynecological hospitals. All patients were healthy full-term newborns prior to the onset of seizures between 3 and 7 days of age. These findings indicate that in these patients, rotavirus infection occurred shortly after birth in the nursery rooms of the hospitals. Interestingly, the current number of newborns with rotavirus-associated leukoencephalopathy admitted to our hospital has decreased dramatically. This decrease occurred soon after we provided lectures and seminars regarding the association of rotavirus infection with neonatal leukoencephalopathy for the medical staff at the relevant hospitals in our community. The mean annual incidence of "rotavirus-associated leukoencephalopathy in newborns" in our hospital was 8.0 cases between 2008 and 2014, and accounted for 51.9% of the neonatal seizures during the corresponding period. However, the incidence was decreased to 3 cases in 2015, and to 2 cases in 2016. This epidemiologic finding strongly suggests that leukoencephalopathy presenting with neonatal seizures is associated with infection and that infection-preventive measures can decrease the incidence of the disease.
This study has several limitations. First, despite our efforts to contact all patients' parents, out of the 56 infants with rotavirusassociated leukoencephalopathy who were admitted to our hospital, only 32 patients (57.1%) who underwent the K-BSID-II test after 12 months of age were included in this study. This might have created a sampling bias by creating a scenario in which parents whose baby seemed to have neurodevelopmental delays were more likely to participate in the assessment of neurodevelopmental outcomes than parents whose baby looked healthy. Second, the number of patients appears to be too small to determine prognostic factors. Finally, the ages of the patients at the time of K-BSID-II assessment and follow-up MRI were variable. Our study also had several strengths. This is virtually the first study on neurodevelopmental outcomes in newborns with neonatal seizures caused by rotavirus-associated leukoencephalopathy using standardized tests. In addition, this study included the largest number of newborns with rotavirus-associated leukoencephalopathy when compared to studies published until now. Lastly, we were the first to identify prognostic factors for neurodevelopmental outcomes in newborns with neonatal seizures caused by rotavirus-associated leukoencephalopathy. In conclusion, the present study indicates that rotavirus-associated leukoencephalopathy in newborns can lead to adverse neurodevelopmental outcomes with a diverse range of severities and that the outcomes are negatively correlated with the extent of white matter lesions on initial DWI. Larger and longer studies are needed to clarify longterm outcomes and prognostic factors for patients with this characteristic disease. In addition, further investigations are required to elucidate the pathogenic mechanisms of the disease.
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